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ABSTRACT

We have recently synthesized 330 stainless steel thin
films and bulk Cu foils via magnetron sputtering with an
average twin spacing of ~ 5 nm. Twin interfaces in both
systems are of {111} type and normal to the growth
direction. The hardness of sputtered materials is an order
of magnitude higher than that of their bulk counterparts.
Growth twins with such high twin density and preferred
orientation are rarely seen in elemental metals. Sputtered
Cu foils exhibited tensile strengths of 1.2 GPa, a factor of
3 higher than that reported earlier for nanocrystalline Cu,
average uniform elongation of 1-2% and ductile dimple
fracture surfaces. This work provides a new route for the
synthesis of ultra-high strength, ductile metals via control
of twin spacing and twin orientation in vapor-deposited
materials.

1. INTRODUCTION

The mechanical properties of nanocrystalline metal
have been studied extensively due to the high strengths
achievable in these materials. For instance, the strength of
single-phase metallic materials with equiaxed grains can
be increased by an order of magnitude or higher when
their grain sizes are reduced from tens of micrometers to
10 nanometers. However, at grain sizes below 10 nm,
deformation mechanisms may involve grain boundary
mediated plasticity (grain boundary sliding or rotation),
and a reduction of strength with decreasing grain size has
been predicted (Swygenhoven, 2002; Schiotz et al, 1998;
Yip, 1998; Cheng et al, 2003; Schigtz and Jacobsen,
2003; Van Vliet et al, 2003; Yip, 2004; Hasnaoui et al,
2003; Wei and Anand, 2004; Yamakov et al, 2002;
Sansoz and Molinari, 2005). There is direct and indirect
experimental evidence for the transition of deformation
mechanisms (Schuh et al, 2002; Youngdah et al, 2001;
Kumar et al, 2003; Sanders et al, 1997; Shan et al, 2004;
Milligan et al, 1993; Ke et al, 1995) dependent upon grain
sizes. The occurrence of high strength in nanocrystalline
(grain size less than 100 nm) metallic materials is very
often accompanied with low ductility, much lower than
their bulk counterparts (Koch et al, 1999). The observed

low ductility could be related to porosity due to
incomplete  compaction of  nanocrystalline  (nc)
particulates (Koch et al, 1999). New synthesis routes are
needed to produce single-phase metals that exhibit ultra-
high strength and room temperature tensile ductility
without a drop in strength with decreasing size in the
nanometer regime.

Recently, Lu et al. reported high yield strength, 900
MPa, and room-temperature tensile ductility in electro-
deposited Cu, with grain sizes varying from 100 to 1000
nm and an average grain size of 400 nm (Lu et al, 2004;
Shen et al, 2005).

Most grains contained growth twins with the twin
lamellae thickness varying from several nanometers to
150 nm, with a peak in twin size distribution at 15 nm (Lu
et al, 2004; Shen et al, 2005). The high strength was
presumed to result primarily from twins that had a finer
length scale as compared to grains. High-density of twins
have also been reported recently in electro- or vapor-
deposited low-stacking fault energy alloys such as Ni-Co,
Ni-Mn (Yang et al, 2004: Wu et al, 2005) and austenitic
stainless steels (Zhang et al, 2004a; Zhang et al, 2005).

However, processing routes to produce nanoscale
growth twins in materials in a controlled manner have not
been developed. Deliberate tailoring, via control of
processing parameters, of the nano-twinned structures is
needed to fully exploit the potential of twin interfaces in
producing high-strength materials with room temperature
tensile-ductility. Specifically, this refers to the control of
the thickness of the twin lamellae, spacing between
adjacent twins and orientation of twin interfaces with
respect to the growth direction. In this paper, we will
overview our recent studies on the production of
preferred-oriented, nano-twinned structures in single
phase 330 stainless steel (330 SS) thin films and pure Cu
foils via high-rate magnetron sputter deposition, hardness
and strengthening mechanisms of nano-twinned metallic
thin films, and the tensile properties of these nano-
twinned Cu foils.
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2. EXPERIMENTAL

A Cu (99.999%) and a face-centered cubic (fcc) 330
SS material (43 wt% Fe, 18wt% Cr, 36wt% Ni, 2wt%
Mn, 0.08wt% C) target were sputtered respectively using
magnetron sputtering deposition technique. 330 SS films
with a few micron thickness, and Cu coatings, 20 um
thick, were deposited on oxidized silicon substrates. The
chamber was evacuated to a base pressure of <5 x 10®
torr prior to deposition. No heating or cooling was applied
to the substrate during deposition. The deposition rate was
varied in the range of 0.5 - 2.0 nm/s by controlling the dc
power to the magnetron gun. The hardness and
indentation modulus of multilayers were measured, at
room temperature, by means of an indentation load and
depth sensing apparatus, a commercial Nano Indentor 11,
with a Berkovich indenter. High resolution transmission
electron microscopy (HRTEM) was performed on a JEOL
3000F microscope operated at 300kV. The as-deposited
Cu foils were peeled off from Si substrates and cut into
doghone-shaped specimens using electro-discharge
machining for tensile tests. The gauge length of the tensile
specimen was 4 mm with a width of 2 mm. Uniaxial
tensile tests were performed on a Tytron 250 microforce
testing system (MTS) at a strain rate of 6 x 107 s* at
room temperature. A MTS LX300 laser extensometer was
used to calibrate and measure the sample strain upon
loading. The fracture surfaces of tensile specimens were
examined with a JEOL 6400F scanning electron
microscope.

3. RESULTS AND DISCUSSIONS

3.1 Microstructure and mechanical properties of
sputter-deposited 330 SS thin films.

A low magnification bright field cross-section
transmission electron microscopy (TEM), Fig. 1a, shows
an average columnar grain size of around 30 nm with
extremely high density twinning within the columnar
grains. The average twin spacing is estimated to be
around 4 nm. A cross-section high resolution transmission
electron microscopy (HRTEM) image of this coating is
shown in Fig.lb, with the corresponding diffraction
pattern shown in the inset. A high density of growth twins
on {111} planes with nanoscale twin spacing is observed
with the twin interfaces parallel to the substrate surface.
High density twinning in 330 SS with nanoscale spacing
is also observed in 330 SS within Cu/330 SS multilayers.
Details on microstructure of Cu/330 SS can be found
elsewhere (Zhang et al, 2004b).

The hardness of these films, as measured by
nanoindentation, is 6.5 + 0.3 GPa, very high compared
with the yield strength of ~200 MPa for bulk SS330. The
hardness results are reproducible. Hardness tests on
different types of substrates, GaAs, Sapphire, glass and Si

(100), yield the same results and the same nanoscale
twinned structures in SS330 films.
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Fig. 1 (a) Bright field TEM of 330 SS films with an
average columnar grain size of around 30 nm, showing
high density twinning within the columnar grains. (b)
HRTEM image showing nanoscale growth twins on
{111} in sputtered 330 stainless steel films. The inset
showing fast Fourier transform from the corresponding
image.

Early work (Babyak and Rhines, 1960) showed that
annealing twin boundaries are equivalent to grain
boundaries in providing Hall-Petch type strengthening in
o-brass where grain (or twin) boundary spacing is in the
few to a few tens of micrometers range. Methods such as
high-rate (> 10 nm /s) physical vapor deposition of copper
(Merz and S. D. Dahlgren, 1975) and nickel (Dahlgren et
al, 1977) and shock loading of stainless steels (Murr et al,
1978) have produced twin structures with spacing in the
range of few tens to hundreds of nm.

Hall-Petch behavior, where dislocation pile-ups form
at grain (or, in this case, twin) boundaries leading to
hardness proportional to L2, (L is the twin spacing), is
observed in these materials, as shown in Fig. 2 for
stainless steels. The data points on 316 SS twinning
strengthening come from (Murr et al, 1978), while on 316
SS grain boundary strengthening come from (Kashyap
and Tangri, 1995; Kurzydlowski et al, 1996). For



comparison, the datum point from the present work on
nanoscale twinned SS330 is also shown here. The current
comparisons are reasonable based on the fact that
mechanical properties (hardness, yield strength, tensile
strength) of bulk austenitic stainless steel (304, 310, 316
and 330) are quite similar and the lack of literature data
on grain boundary strengthening in 330 SS, especially for
grain sizes in the tens to hundreds of nm. While the
decrease in twin spacing from ~100 nm to 4 nm has
resulted in significant increase in hardness, the Hall-Petch
model extrapolation fails to explain the high hardness of
the 4 nm twin spacing sample. The transmission of single
glide dislocations across the twin boundaries, as opposed
to the formation of dislocation pile-ups, is the likely
mechanism for yielding in such fine-scale structures (Rao
and Hazzledine, 2000; Misra et al, 2002, Hoagland et al,
2002).
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Fig. 2. Hardness vs. L™ for twinning-strengthened 316
SS (marked by solid circle), grain boundary strengthened
316SS (marked by solid square) (marked by open square)
and current study for 330 SS (marked by solid diamond).
L stands for the twin spacing for data from ref. (Murr et
al, 1978) and sputtered 330 SS films, while it stands for
the average grain size for data from ref. (Kashyap and
Tangri, 1995; Kurzydlowski et al, 1996). Horizontal
dashed line indicates the typical hardness for bulk 330 SS.

To explore the strengthening mechanisms in
nanoscale twinned 330 SS films, we have simulated the
transmission of a dislocation through a twin interface at
the atomic scale in an fcc metal by means of molecular
dynamics (MD) using an EAM interatomic potential for
Ni. In Fig. 3a, the upper and lower lattices are in a 2.3
twin orientation with respect to each other and the twin
interface is a symmetric (111) plane. The models were
periodic in the direction parallel to the dislocation line,
which was straight, and had fixed boundary conditions in
the other two directions.

Fig. 3. An atomistic model containing a symmetric 3
{111} twin, the interface of which is horizontal. Atoms
are colored by their excess energy relative to perfect
unstrained crystal with blue lowest and red, highest. (a). A
perfect glide dislocation with b = 1/2 [101] is on the upper
{111} plane in the model near the interface. (b) The
model is subjected to pure shear stress such that the
resolved shear stress on the dislocation is 1.77GPa. The
dislocation is moving across and then away from the twin
interface onto the lower {111} planes. A Shockley partial

with b = 1/6 [112] remains at the interface. (c) In
response to a biaxial stress (tension or compression in a
plane parallel to the interface) that exerts a resolved shear
stress of 3 GPa, a dislocation moves away from the
interface into the lower grain on a {200} plane, leaving a
Shockley at the interface. Note that the Shockley has also
moved slightly along the interface plane toward the right
side of the model.

Although fixed, the boundaries contained the
displacement field of a dislocation near the interface.



Thus, image forces on the dislocation due to
incompatibility between the dislocation position defining
the boundary atom displacements and the actual position
of the dislocation core were very small or negligible when
interface crossing occurs. The models were two periods
thick in the periodic direction and were otherwise fully
3D. In Fig. 3, atoms are colored by their excess energy
ranging from blue as lowest to red as highest excess
energy relative to the perfect unstrained crystal. In all
figures the view is parallel to the dislocation line (out of
the paper). A perfect dislocation with b = 1/2 [101],
resides on the {111} plane in the upper crystal.

Two types of loading conditions or stress states were
applied to understand the influence of twin boundaries on
the transmission of a single dislocation. In the first case,
as shown in Fig. 3b, the crystal is subjected to pure shear
stress. When the resolved shear stress reach ~ 1.7 GPa,
the dislocation will move across the twin interface into
the lower crystal on the corresponding {111} glide planes.
The Burgers vector changes as the dislocation moves onto
the complementary glide plane in the lower layer.

Consequently, a Shockley partial with b = 1/6 [ﬁZ]
remains at the interface after the perfect dislocation
crosses the twin interface.

In the second case, the model is subjected to a biaxial
stress (tension or compression). Applying a biaxial stress
in a plane parallel to the twin interface, (the normal stress
in the direction perpendicular to the interface is zero),
produces a resolved shear stress on this dislocation that
exerts a force toward the twin interface. If this dislocation
is placed on the corresponding {111} slip plane in the
lower crystal, the same stress state exerts a force that is
also toward the interface. For this reason, it is not possible
for the dislocation in Figure 4a to cross the interface from
the upper crystal and move onto the {111}glide planes in
the lower crystal as it did in the first case. Instead, at a
very large resolved shear stress of about 3 GPa, the
dislocation enters the lower crystal on a {200} plane. The
resolved shear stress to accomplish this dislocation
crossing event is almost double the 1.7 GPa required to
transmit slip in the first case. It is known that the critical
resolved shear stress for slip to occur on a non-closely
packed plane in fcc crystals, such as {200} is typically
higher than that of a closely packed {111} plane. These
studies reveal that the resistance of twin interface to
transmission of dislocations depends sensitively on the
stress state.

The current simulation was performed at OK.
Although the resolved shear stress should be decreased as
a result of thermal activation at room temperature, the
simulation results capture the essence that twin
boundaries can be very strong obstacles to transmission of
single dislocations. Dislocation pile-ups would form at
higher twin spacing, and the stress concentration from the

pile-up would allow slip transmission across twin
boundary at a lower applied stress, thereby reducing the
strength of the material. Therefore, nanoscale spacing of
twins is critical in achieving the high strength in 330 SS
thin films.

3.2. Microstructure and mechanical properties of
sputter-deposited Cu foils.

Transmission electron microscopy (TEM) was used to
characterize the microstructure of the as-deposited Cu
foils with 20 micrometers total thickness. As shown in the
cross-section TEM image in Fig. 4a, Cu sputter-deposited
at a rate of 1.8 nm/s, exhibits a {111} fiber texture along
the growth direction and an average columnar grain size
of 43 nm.

Fig. 4. (a) Cross-sectional TEM micrograph of Cu
sputter-deposited at a deposition rate of 1.8 nm/s. The Cu
film has an average columnar grain size of approximately
43 nm filled with a high density of planar defects parallel
to the substrate surface. (b)) HRTEM micrograph of the
same specimen showing that the planar defects are growth
twins with {111} interfaces. The inserted fast Fourier
transform of the image shows spot-splitting across the
{111} twin interfaces. Some stacking faults are also seen
in HRTEM micrographs.



The average columnar grain size of Cu varied from 43
nm to 80 nm with deposition rates from 1.8 nm/s to 3
nm/s, respectively. Fig. 4 also shows an extremely high
density of planar defects within the columnar grains,
observed at all deposition rates from to 0.5 to 3nm/s.
High-resolution TEM (HRTEM) imaging (Fig. 4b) of
these planar defects reveals these to be several {111} twin
interfaces separated by a few nanometers. {111}
diffraction spot-splitting seen in the fast Fourier
Transform of the HRTEM image in Fig. 4b is consistent
with {111} twin interfaces. Most growth-twin interfaces
are parallel to the film surface. Some planar faults were
identified to be stacking faults.

Statistical measurement of the twin thickness and
spacing from several TEM images indicate that the
average twin thickness is 4 nm, whereas the average
spacing between adjacent twins is also on the same order,
approximately 5 nm (Fig.5). The narrow size distributions
for both twin thickness and spacing are evident from Fig.
5, with very few twins exceeding 10 nm dimensions.

average twin spacing = 5 nm
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Fig. 5. Statistical measurements from TEM images
showing that (a) the average twin spacing in Cu sputter-
deposited at a deposition rate of 1.8 nm/s is approximately
5nm, and (b) the average twin thickness is 4 nm.

Five uniaxial tensile tests were performed on free-
standing 20 micrometers thick Cu foils. The results were
very reproducible, and a typical true stress — true total
strain curve is shown in Fig. 6. A clear yield point is not
observed in the stress-strain curves, so the yield strength
was obtained as 0.2% offset to be 1.05 GPa, with an
average value of 1.1 GPa estimated from 5 specimens.
The elastic modulus is estimated to be approximately 110
GPa. Tensile strength, averaged over 5 tests, was 1.2 GPa
and average true strain to failure was 2%.
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Fig. 6. True stress vs. true total strain curve for tensile
tested Cu foils (20 um) sputter-deposited at a deposition
rate of 1.8 nm/s. The specimens have an average yield
strength of 1.1 GPa and an elastic modulus of
approximately 110 GPa.

The hardness, as measured by nanoindentation, was
3.5 GPa and, following the Tabor relation [26],
approximately a factor of 3 higher than the tensile
strength. The fracture surface of the Cu specimen shows
typical ductile dimples as examined by SEM, shown in
Fig. 7. Most dimples have diameters of one micron or
less, much larger than the columnar grain diameters of 40-
80 nm.

Fig. 7. SEM micrograph of the fracture surface of tensile
tested nano-twinned Cu showing dimples indicative of a
ductile fracture mode.



Room temperature tensile strengths reported for nc
Cu are typically 400-500 MPa, with reported grain sizes
ranging from 20 nm to greater than 100 nm. For inert gas
condensed and compacted Cu, Sanders et al. (Sanders et
al 1997) reported the highest tensile strength of 480 MPa
for an average grain size of 22 nm by testing different
samples with average grain sizes ranging from 16 nm to
110 nm, and Champion et al. (Champion et al, 2003)
reported tensile strength of 400 for average grain size of
80 nm. For nc Cu produced by severe plastic deformation,
Wang et al. (Wang et al 2002) and Valiev et al. (Valiev et
al 2002) reported tensile strength of 450 - 500 MPa for
grain sizes < 200 nm. The tensile strength of 1.2 GPa
observed in the present investigation for an average
columnar grain size of 43 nm is almost a factor of three
higher than the highest tensile strength reported for nc-
Cu, with the exception of the electro-deposited Cu with
high twin density (Shen et al 2005). The vyield strength of
our sputtered Cu, 1.1 GPa, is the highest among all
elemental Cu reported to date. Since the average twin
thickness and spacing of approximately 5 nm are an order
of magnitude smaller than the grain size, we hypothesize
that the strength of the sputter-deposited Cu is controlled
predominantly by the nanoscale twins, with relatively
minor contributions from grain size and grain orientation
(texture). This is consistent with our molecular dynamics
simulations, published elsewhere (Zhang et al 2004a;
Zhang et al, 2005), that have shown that twin boundaries
can act as effective barriers to slip transmission. A very
high resolved shear stress of 1.7 GPa was needed in the 0
K simulation to transmit a single dislocation across twin
interfaces in Ni constructed with embedded-atom-method
potential. Besides the thickness of individual twins and
spacing between twins, another important feature is the
alignment of twin boundaries parallel to the tensile axis.
Thus, macroscopic plastic deformation of the sample
requires slip transmission across the 5 nm spaced twin
boundaries for all active slip systems. The nano-twinned
Cu foils, with yield strength in excess of 1 GPa, also
exhibit 1- 2% uniform elongation at room temperature.
Typically, for nc-metals with grain sizes below = 20 nm,
insignificant tensile ductility is observed. Earlier reports
of room-temperature tensile ductility in nc-Cu have been
on materials with grain size of 200 nm or larger (Valiev et
al 2002), or bimodal grain size distribution with coarser
grains on the order of micrometers (Wang et al 2002) or
very slow strain rate testing (10° /s) of samples with 80
nm average grain size (Champion et al, 2003). Our
current results on sputter-deposited Cu are consistent with
earlier work by our co-authors (Shen et al 2005) where
room temperature tensile ductility was observed in
electro-deposited Cu with a few tens of nanometers thick
twins. As shown by MD simulations, each slip
transmission event across a twin interface leaves behind a
large residual Burgers vector at the interface that repels
the next slip event on the same slip plane leading to work
hardening. Under uniaxial tensile loading, geometrical

instability (necking) is predicted when flow stress exceeds
the work hardening rate, so in very high strength
materials, large uniform elongations in tension are not
expected. Nevertheless, the ductile failure mode of nano-
twinned Cu is evident from Fig. 7.

The density of growth twins in sputter-deposited Cu
may be interpreted in terms of a thermodynamic model
developed for the formation of growth twins in sputter-
deposited austenitic stainless steel thin films (Zhang et al,
2004b). The model predicts that the during vapor
deposition twinned nuclei will form at rates comparable to
defect-free nuclei if the free energy change from vapor to
solid are comparable for the perfect and twinned nuclei.
This happens when (i) the deposited material has low
stacking fault and twin boundary energies, and (ii) the
deposition rate is high. For Cu with a relatively low
stacking fault energy of approximately 40 mJ/m?, growth
faults and twins are predicted to form at deposition rates
of a nanometer/second or higher at room temperature. At
elevated temperatures, higher surface diffusion leads to a
higher  probability —of achieving the correct
crystallographic orientation or packing sequence during
deposition, and thus, a suppression of growth twin
formation. Manipulation of the process parameters
(deposition rate, substrate temperature) and material
properties (stacking fault energy) provide a way to control
twin densities during physical vapor deposition. The
preferred orientation of the twins is a consequence of
columnar grain morphology with {111} fiber texture
produced during low homologous temperature physical
vapor deposition.

Current studies of nanoscale growth twins in 330 SS
and Cu films have yield certain similarities. (i) Both
systems have similar microstructures: {111} type growth
twins oriented predominantly parallel to substrate surface
within columnar grains, and the average twin spacing in
both systems are less than 10 nm (ii) The hardnesses
(strength) of films are extraordinarily high compared to
that of their bulk counterparts. (iii) Both systems have
relatively low stacking fault energy. Furthermore it is
noticed that the stacking fault energy of many metallic
materials can be tailored via alloying. The strengthening
mechanism discussed in the paper could therefore have
more general indications for many other systems.

Future studies will explore mechanical (rolling) and
thermal stability of these nanotwinned metal films, the
formation mechanisms of nanoscale growth twins and
electrical properties of nano-twinned metallic materials.

4. SUMMARY

We present a new perspective in strengthening
metallic materials using nanoscale growth twins. Metallic
films prepared by sputtering deposition techniques



possess high density growth twins with preferred
orientations, parallel to substrate surface. Twin interfaces
act as strong barriers to the transmission of dislocations.
Furthermore high strength metallic materials with
nanoscale growth twins have certain ductility.
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Outline

« Background

 |Influence of sputtering deposition rate on twin
formation in 330 stainless steel (330 SS) films

 Nanoscale growth twins in sputter-deposited Cu
films
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Mechanical Properties of Thin Fi
MEMS, microcantilever beams, tri
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Thin Film Growth Technique - Sputtering
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How to test film mechanical properties

The 25th Army Science Conference — Nanotechnology



Nanoscale growth twins in sputtered 330SS films

Cross-sectional TEM

* fcc structure with {111} texture

Zhang et al, APL (2004).

» average columnar grain size ~ 30 nm

« {111} twin interface // substrate surface

 average twin spacing ~ 4 nm

The 25th Army Science Conference — Nanotechnology



Hardness of sputtered 330SS films is about an
order of magnitude higher than that of bulk 330 SS

1pm 100nm 10nm 5nm
s A BTN R SRS S S
Twin (330SS) |
*
<6r ) L - the smaller
o iCop e
O one of grain size
@ 4r o 3 or twin spacing
()]
% o Twin(316 SS, shock loaded)
e 2 g -
(qv] 7
L - bulk 330 SS
e e e 3 el S M 3R
O 1 1 il g 1
0 4 8 12 16
L -1/2 (l.«lm -1/2)

1. L. E. Murr et al, Scripta Metall., 12 (1978) 1031. (shock loaded SL)

2. Kashyap & Tangri, Acta Metall. Mater., 43 (1995) 3971. (GB strength)

3. K. J. Kurzydlowski, et al, Mater. Sci. Eng. A205 (1996) 127. (GB strength) 7
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Fundamental questions

e \WWhat Is the role of twin interface In
strengthening metallic thin films?

 How to tailor the formation of growth twins?
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MD simulation of the resistance to shear In
Ni (111) twin interface — pure shear stress

* A resolved shear stress of 1.77 GPa is needed to move single
dislocation (b = 1/2 [101]) across the twin interface to the lower
{111} glide plane.

Zhang et al, APL (2004).
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Critical radius of twinned nuclel

No twin case

AG, = 2nrhy - nir’hAG =) r;er e fos
; AG,
Twin case
AG, = 2nrhy - nar’hAG,, +mr’y, ) rttzvin = V
£ AL
AG, "
AG —len P\ {HEs i "
T 0O P 2 kT (J - deposition rate)
Lower v, * Siche
or Higher J — rperfect ~ Itwin

Zhang, et al., Acta Mater. (2004) 10
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At a deposition rate of a few A/s, Ar/r < 10%
Ar/r = (rtwin i3 rperfect)/ lwin

;O b w :

0.1 10 100 1000
Deposition rate (A/sec)
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Hypothesis

Growth twins will have a higher probabillity to
form if the deposition rate is higher ?

Experimental

Magnetron sputtering (varying deposition rate)
Hardness — nanoindentation

Residual stress - curvature measurement with laser
Microstructure - TEM

12
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Deposition rate increases with
deposition power

=
o

g (o)) 00]
—r

N
T

Deposition rate (A/sec)

o

Deposition power (W)
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Microstructure of 330 SS films
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Microstructure evolutions
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 The average twin spacing stays constant
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Evolution of film hardness with the
volume fraction of twinned materials

' nano-twinned 330 SS .
b
- ft

N W b 01T O N 0

Hardness (GPa)

bulk 330 SS

I

o

Volume fraction of twinned grains (%)

16
The 25th Army Science Conference — Nanotechnology



Outline

« Background

 |Influence of sputtering deposition rate on twin
formation in 330 stainless steel thin films

 Nanoscale growth twins in sputter-deposited Cu
films

17
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Nanoscale growth twins In
electrodeposited Cu

I'{or d, nm)

ven [ 100 25 10
5': | C 1200 T I
1000} S
- g St
- E L -
é = 800 o0 ;
= 5 600 |- o ©
= 5 » 7
5O & *«/
T 400} s &
= . A
200 - -
AlEN:: szl e -
0 B0 40 &0 A0 100 120 140 16 0 P . , |
Thickness of twin lamellag (nm ) 0.1 0.2 0.3

« Minimum average twin spacing ~ 15 nm.

e« Can we produce Cu with even smaller twin spacing
using magnetron sputtering?

L. Lu, Y. Shen, X. Chen, L. Qian, K. Lu, Science, 304, 422 (2004).
Y.F. Shen, L. Lu, Q.H. Lu, Z.H. Jin, K. Lu, Scripta Mater. 52, 989 (2005). 18
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Plan view TEM micrograph of
sputter-deposited Cu films
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Cross-sectional TEM micrograph of
sputtered Cu films
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Twin interface has preferred
orientation (// film surface)

50nm

X. Zhang et al, APL, 2006
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Coherent {111} twin interface with small
twin spacing
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Average twin spacing and thickness are
less than 10 nm (sputtered Cu films)

average twin thickness =4 nm |

4O — 50l Sputtered Cu
Sputtered Cu '

average twin spacing =5 nm

0 5 10 15 20 25 30
Twin thickness (nm)

b electrodeposited Cu

0 5 10 15 20 25 30

@
Twin spacing (nm) Jg
=z

Film hardness = 3.5 GPa o B 4 0 B W e

Thickness of twin lamellag (nm )
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Uniaxial tensile test of sputtered Cu folls
(o, = 1.1 GPa, 1-2% uniform elongation)
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True stress (MPa)

foil thickness = 20 um -

s e SR
True strain (%)
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Fracture surface of Cu specimen

25
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Influence of twin spacing on yield
strength of twinned Cu
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Summary - sputtered 330 SS films

[ nano-twinned 330 SS_ .
> '- - é/ =
- By e
> S S E S E TR r S
< {{112202 -
>
S R e bulk330SS_ _ _ _
4' “".’ ...................

Volume fraction of twinned grains (%)

e Nanoscale growth twins strengthen 330 SS by an
order of magnitude.

e Higher deposition rate leads to greater volume
fraction of growth twins, and higher mechanical

strength.
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Summary- sputtered Cu films

1400
1200
1000t

o0]
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Atk Loy BT 10
True strain (%)

« {111} twins with an average twin spacing of a few nm
* Yield strength exceeding 1 GPa
e 1-2% uniform tensile elongation
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Future plans

Thermal stability of nanotwinned materials
Deformabillity of nanotwinned Cu

Crack propagation, wear and fatigue properties
Electrical properties

Synthesizing growth twins in high stacking-fault-
energy metals (Ni, Al etc.)

29
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